• This study revealed that children with type 1 diabetes (T1D) infected with Enterovirus (EV) show a marked decrease in glutathione peroxidase, superoxide dismutase, and catalase activity, and a noticeable elevation in C-reactive protein compared to noninfected diabetic children. Our results confirm an association of EV infection with the inflammation and β cell damage seen in T1D, and suggest that antioxidant supplementation can play a protective role.
(100/382; 26.2%) than in healthy controls (0/100). Levels of fasting blood glucose (FBG), glycosylated hemoglobin (HbA 1c ) and C-reactive protein (CRP) were significantly higher but C-peptide was significantly lower in diabetic children than in controls. CRP levels were higher in the T1D-EV+ group than in the T1D-EV-group, and higher in all diabetic children than in nondiabetic controls. The activities of the antioxidant enzymes GPx, SOD, and CAT decreased significantly in diabetic children compared to in controls. Moreover, the activities of the enzymes tested were significantly reduced in the T1D-EV+ group compared to in the T1D-EVgroup. Conclusion: Our data indicate that EV infection correlated with a decrease in the activity of antioxidant enzymes in the T1D-EV+ group compared to in the T1D-EVgroup; this may contribute to β cell damage and increased inflammation. Khalil Type 1 diabetes (T1D) results from a selective immune-mediated destruction of the pancreatic β cells in subjects carrying permissive human leukocyte antigen genotypes. The rapidly increasing incidence of T1D suggests that nongenetic factors are also involved in its etiology [1] . In Egypt, the incidence of T1D is reported as 8/100,000 people/year in children aged ≤14 years [2] . T1D is characterized by dysregulated blood glucose caused by β cell insufficiency accompanied by elevated glycosylated hemoglobin (HbA 1c ) [3] .
Oxidative stress is a widely accepted participant in the pathogenesis of both β cell dysfunction and the development of T1D and its complications [4] . The main antioxidant enzymes are serum superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) [5] . In addition, GPx in mitochondria and lysosomes catalyzes the conversion of hydrogen peroxide to water and oxygen [6] . The other antioxidant enzymes include glutathione (GSH) reductase, GSH S-transferase, peroxiredoxin, thioredoxin, and thioredoxin reductase [7] . β Cells express low levels of the antioxidant enzymes SOD, CAT, and GPx, and thereby increase their susceptibility to oxidative stress [8] . Oxidative stress occurs when the generation of reactive oxygen species (ROS) overcomes the scavenging abilities of antioxidants, and it may be mediated by a genetic lack of antioxidant enzymes as well as environmental triggers like viral infections [9] . In T1D, evidence implicates the role of ROS in impaired β cell function that is caused by autoimmune reactions, cytokines, and inflammatory proteins [4] .
Epidemiological studies have demonstrated higher rates of Enterovirus (EV) infection in patients with T1D than in nondiabetic controls [10, 11] . EV antigen expression has been detected by immunohistochemistry in the pancreatic β cells of patients with recent-onset T1D [12] . EV capsid protein (VP1) was detected by immunostaining in 61% of the pancreatic autopsy specimens from patients with recent-onset T1D [13] . Collectively, these data suggest that there are certain EVs that play an etiological role in T1D. Evidence for the association of EV infection with TD1 has been reported in Egyptian patients [2] . The aim of this study was to determine the circulating levels of antioxidant enzymes in the serum of diabetic and nondiabetic children, in order to explore the relationship between T1D-associated EV and antioxidant enzymes.
Materials and Methods

Patients
This study included 382 children with T1D and 100 healthy, nondiabetic controls who visited the Endocrine and Diabetes Institute of Cairo University during the period from October 2013 to September 2014. The age of the diabetic children ranged from 2 to 16 years (mean 9.8 ± 2.9 years) and that of nondiabetic control children from 3 to 14 years (mean 9.1 ± 2.7 years). Both control and diabetic children were matched in sex and age and were free of infectious diseases, autoimmune disorders, and allergies, as confirmed by clinical and laboratory investigations made by physicians at the Institute. Written informed consent was provided for all children and the study was approved by the relevant ethics committee. Additionally, the study protocol conformed to Egyptian National Guidelines and was performed in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. Venous blood (5-mL) samples were collected in serum tubes (BectonDickinson, Franklin Lakes, NJ, USA) by venous puncture using a 21-gauge needle. Serum samples were obtained by centrifugation at 4 ° C and 4,000 rpm for 10 min, and were then kept at -80 ° C.
RT-PCR for Enterovirus
Viral RNA extraction was performed using BIOZOL ® total RNA extraction reagent (Bioflux, Tokyo, Japan). Nested RT-PCR was performed according to the procedure reported by Puig et al. [14] , using the primers Ent 1: 5-CGG TAC CTT TGT ACG CCT GT-3 and Ent 2: 5-ATT GTC ACC ATA AGC AGC CA-3 for the first round of PCR, and neEnt 1: 5-TCC GGC CCC TGA ATG CGG CTA-3 and neEnt 2: 5-GAA ACA CGG ACA CCC AAA GTA-3 for the second round, to amplify the 138-bp fragment. PCR products (10 μL) were analyzed by electrophoresis on 3% agarose gels (PanReac Química, Spain). Briefly, the reaction mixture for reverse transcription had a total volume of 10 µL and contained 5 µL of the nucleic acids extracted plus lX PCR amplification buffer, dNTPs at 200 µM each, 200 U of MMULV (Thermo Scientific), and 2.5 µM of the external primer Ent2. The reaction mixture was incubated at 95 ° C for 5 min before the addition of the enzyme and a ribonuclease inhibitor (RNasin; Promega, Mannheim, Germany]). The temperature cycle was set for 30 min at 42 ° C and 5 min at 95 ° C. For the first round of PCR, the temperature amplification was carried out in a 50-µL reaction mixture containing 50 mM KCl, 10 mM Tris-HCl (pH 9.0 at 25 ° C), 1.5 mM MgCl 2 , 0.01% gelatin (wt/vol), 0.1% Triton X-100, 200 µm dNTPs, 0.5 µm for each primer, and 2 U of Taq DNA polymerase (Thermo Scientific). The first cycle of denaturation was carried out for 4 min at 94 ° C. The conditions for amplification consisted of denaturing at 92 ° C for 90 s, 55 ° C for 90 s, and 72 ° C for 120 s. Nested PCR was done for 30 new cycles with the same thermal profile, using 0.20 µM of neEnt3 and neEnt4 primers. Based on the RT-PCR results, the children were divided into 3 study groups (n = 100 in each): (1) T1D-EV+ (60 males and 40 females; age range 2-16 years, mean ± SD 9.5 ± 3.3 years), (2) T1D-EV-(56 males and 46 females; age range 3-15 years, mean 9.5 ± 3.1 years), (3) healthy controls, i.e., nondiabetics (50 males and 50 females; age range 3-14 years, mean 9.1 ± 2.7 years). The T1D-EV+ and T1D-EVgroups were further divided into newly (<1 year) and previously (>1 year) diagnosed children (according to Maha et al. [2] ).
Laboratory Assessment
Fasting blood glucose (FBG) was measured in the plasma samples of both diabetic and control children, and then estimated using the commercial kit (SPINREACT, Spain). HbA 1c ELISA kits were purchased from MyBiosource (San Diego, CA, USA), the Cpeptide ELISA kits from DRG Diagnostics (Marburg, Germany), and the C-reactive protein (CRP) ELISA kits from R&D Systems. Serum SOD, GPx, and CAT activities were measured using reagent kits purchased from OXIS International, Inc., USA. All procedures were performed according to the manufacturers' instructions.
Statistical Analysis
Analysis of data was carried out using an IBM computer utilizing the Statistical Program for Social Sciences (v23.0; Chicago, IL, USA). All statistical comparisons were made by means of the oneway ANOVA test. Results were articulated as mean ± standard error (SEM) and p < 0.05 was considered significant.
Results
Frequency of EV RNA in Serum
A higher frequency of EV RNA was found in children with T1D (100/382, 26.2%) than in healthy controls (nondiabetic) children (0/100). There was a higher frequency in males (60%) than in females (40%). The frequency of RNA was higher in newly diagnosed EV infection (54; 29.1%) than in previously diagnosed infection (46; 23.3%) ( Table 1) . 
Serum Levels of FBG, HbA 1c , and C-Peptide
The mean levels of FBS and HbA 1c in diabetic children were significantly higher than in nondiabetic controls (p < 0.001; Fig. 1a, b) . C-peptide concentrations were significantly lower in T1D-EV-children than in healthy controls, but not significantly different in T1D-EV-and T1D-EV+ children (Fig. 1c) . Moreover, CRP levels were significantly elevated in both the T1D-EV+ and T1D-EV-groups compared to in nondiabetic controls (p < 0.001; Fig. 1d ), and significantly higher in T1D-EV+ children (p < 0.001) than in T1D-EV-children.
Levels of Antioxidant Enzymes
The levels of GPx, SOD, and CAT were found to be decreased significantly in the T1D-EV-and T1D-EV+ groups compared to the healthy controls (p < 0.001; Table  2 ), and were more reduced in the T1D-EV+ group than in the T1D-EV-group (p < 0.001; 31.76 ± 1.82 vs. 22.59 ± 5.04, 4.81 ± 0.48 vs. 2.05 ± 0.26, and 119.30 ± 5.85 vs. 88.07 ± 6.39, respectively).
Discussion
The incidence of childhood T1D is rising in many countries. Environmental factors, especially viruses, appear to be involved in the initiation or the acceleration of the pathogenesis of this disease. EV infections are associated with the initiation of β cell destruction [10] . Evidence for this association has been supported by the detection of EVs in the blood [15] , pancreas and islets [12] , and gut mucosa [16] of patients with T1D. Our study indicated a prevalence of EV infection in the blood of T1D children is 26.2%. Moreover, the frequency of RNA was higher in newly rather than previously diagnosed children, similar to the observation made by Moya-Suri et al. [17] .
Metabolic markers include HbA 1c , as a direct indicator of blood glucose levels, and C-peptide which correlates with insulin secretion. Both of these are used as markers of pancreatic β cell destruction [18] . HbA 1c showed an observable increase in both EV+ and EV-diabetic children. As reported previously, T1D is associated with exacerbated β cell destruction and a decreased secretion of insulin. This was also confirmed by C-peptide levels which conversely decreased in both diabetic groups. Furthermore, when isolated human islets are infected with EV, this reduces their insulin content and glucose-stimulated insulin secretion [19] . On the other hand, the role of EV in the inhibition of insulin secretion appears to be initiated by infected β cells, and followed by insulitis, impaired insulin secretion, and β cell death [20] .
Our data revealed a significant increase in the levels of CRP in the T1D patients, with a marked increase in the T1D-EV+ group. CRP is an acute-phase reactant and is elevated in inflammatory states. Russell and Morgan [21] reported that inflammatory responses including elevated CRP were associated with EV-infected and noninfected patients. T1D is now accepted to be a chronic immunoinflammatory disorder. Because it is a disease of inflammation, of both the innate and adaptive immune systems, it is perhaps not surprising that CRP levels become elevated. Chase et al. [22] hypothesized that inflammation, as reflected by elevated CRP levels, can help predict the development of islet autoimmunity or T1D. In addition, Schalkwijk et al. [23] concluded that CRP levels were higher in subjects with T1D than in control subjects. Although the mechanism of the CRP elevation is unknown, it might be related to the activation of macrophages, increased oxidative stress, and/or the induction of cytokines, and there is evidence that all of these may be factors in the etiology of T1D. On the other hand, after viral infection, ROS are produced from activated phagocytes [24] , and they mediate cellular injury and activate inflammatory redox-dependent transcription factors, such as NF-κB, thereby perpetuating inflammation. The virus-mediated production of ROS or a reduction in an- tioxidants can have severe consequences, as β cells are more prone to oxidative damage than most other tissues [8] . Additionally, in T1D, the T cell-mediated autoimmune destruction of pancreatic β cells is secondary to the primary invasion by macrophages and dendritic cells into the islets. Macrophages/dendritic cells are activated by intercellular ROS from resident pancreatic phagocytes, and by intracellular ROS formed after receptor-ligand interactions via redox-dependent transcription factors such as NF-κB. Activated macrophages/dendritic cells ferry β cell antigens to pancreatic lymph nodes, where they trigger reactive T cells through synapse formation and the secretion of proinflammatory cytokines and more ROS [25] . Therefore, an inability to balance the oxidation with antioxidant enzymes can drive chronic inflammation from both the innate and adaptive arms of the immune response [26] .
Antioxidants constitute the defense system that limits the toxicity associated with free radicals. SOD and CAT are considered primary enzymes since they are involved in the direct elimination of ROS. GPx, SOD, and CAT are considered the most crucial antioxidant enzymes. Islets inherently contain only a fraction of enzymatic activity in comparison to the liver, which has the highest abundance of these enzymes [27] . However, β cells are particularly sensitive to ROS because they are low in free radical-quenching (antioxidant) enzymes such as CAT, GPx, and SOD [8] . Thus, the capability of oxidative stress to damage mitochondria and ultimately decrease insulin secretion is not surprising [28] . Glucose-induced insulin secretion was also suppressed by hydrogen peroxide, a chemical substitute for ROS. Several studies have suggested that high glucose levels induce mitochondrial ROS, which suppresses the first phase of glucose-induced insulin secretion, at least in part, through the suppression of GAPDH activity [25, 29] . Moreover, the induction of antioxidant enzymes protects β cells from oxidative damage and possible cell death, thus minimizing the oxidative damage-related impairment of insulin secretion.
Our data indicated a marked decrease in serum levels of the antioxidant enzymes GPx, SOD, and CAT in T1D-EV-and T1D-EV+ children compared to in nondiabetic controls. However, a significant increase in CAT activity in the lymphocytes was found in 40 children with T1D compared with the control group. The highest CAT activity occurs in the early course of the disease, followed by a linear decrease and the lowest activity in the chronic course [30] . Mylona-Karayanni et al. [31] examined the possible correlation between oxidative stress parameters and the adhesion molecules P-selectin and tetranectin, derived from endothelial/platelet activation, in a group of juveniles with T1D. Significantly elevated nitrate/nitrite and lipid hydroperoxide levels, elevated plasma levels of tetranectin and P-selectin plasma, and lower GPx activity were reported in the diabetic children than in the healthy controls. Based on these findings, the authors suggested that decreased antioxidative protection from the overproduction of lipid hydroperoxide and nitrate/nitrite in juveniles with T1D. Additionally, levels of ROS are under tight control due to the protective action of antioxidant enzymes and nonenzymatic antioxidants in normal and healthy cells. There are multiple likely sources of reactive oxygen in diabetes, including glucose autoxidation, the glycation of proteins, the consumption of NADPH through the polyol pathway, and the activation of protein kinase C [32] . Dave and Kalia [33] reported a significant decrease in GPx, CAT, and glutathione, and a significant increase in the concentration of thiobarbituric acid-reactive substances in T1D patients with and without nephropathy compared to in normal healthy individuals. Finally, ROS generated by high glucose levels and other metabolic abnormalities are important in the development of most diabetic complications [34] . Thus, oxidative stress affects every aspect of T1D, and the benefit of redox modulation may be more important than once thought. Optimal treatments may have to incorporate antioxidants with anti-inflammatory agents, such as inhibitors of NF-κB activation. This therapy should restore the balance between oxidation and reduction, leading to a resolution of inflammation, and thus reduce the autoimmune destruction of the islet β cells [25] .
Conclusion
Oxidative molecules appear to be important mediators of β cell destruction and T1D. Antioxidant enzyme activities were lower in T1D-EV+ children than in T1D-EV-children, and were more reduced in T1D-EV-children than in nondiabetic controls. Protection from EV infection and supplementation with antioxidants can be beneficial in T1D.
